INTRODUCTION
Advanced tokamak scenarios, such as operating with reversed magnetic shear in the plasma core, require control of the plasma current profile to improve the confinement and stability properties of the plasma. Recent experiments on the DIII-D tokamak have applied up to 1.6 M W of fast wave current drive (FWCD) to reversed shear L-mode discharges to investigate the effect on the current profile. The reversed magnetic shear was formed by strong auxiliary heating starting early in the plasma current ramp up using neutral beam injection (NBI), which created a hot target plasma suitable for FWCD [l] .
The temporal evolution of the poloidal flux profile was measured in these sawtooth-free discharges which allowed the plasma current and loop voltage profiles to be determined. These experiments found that the measured current profile was broader for counter FWCD than for co FWCD; however, the difference was surprisingly small considering that measurements of the loop voltage profile showed that the co FWCD was driving all of the plasma current near the plasma center [2] . In order to understand these results, the evolution of the plasma current profile has been simulated using the ONETWO code.
NBI DISCHARGES WITHOUT FWCD
In order to benchmark the ONETWO simulation of the current profile evolution against experimental measurements, a case of NBI heating without FWCD was studied for a reversed shear discharge. The ONETWO code models the relaxation of the plasma loop voltage from an initial condition to a flat spatial profile according to Faraday's law. The loop voltage profile at the start of the ONETWO simulation was determined using the equation
where R is the major radius, qneo is the neoclassical resistivity, Jtot is the experimentally measured plasma current density, Jbs is the calculated bootstrap current density, and Jcd is the externally driven current density. A 16-channel motional Stark effect diagnostic was used in the determination of the plasma current density profile [3] . A Monte Carlo code was used to model the neutral beam current drive (NBCD). The time history of the electron temperature, ion temperature, electron density, Z e~, and toroidal rotation velocity were also included in the modeling.
The ONETWO benchmark simulation was found to be in good agreement with experiment. The temporal evolution of the simulated and measured internal inductance, surface loop voltage, and central safety factor agree well with the measured values. A comparison of the predicted loop voltage profile with the experimentally measured profile, a more stringent test of the accuracy of the simulation, is shown in Fig. 1 . The good agreement between the simulation and experiment shows that the ONETWO code correctly models the relaxation of the loop voltage profile; this is strong evidence that neoclassical resistivity, which governs the time scale of this relaxation process as well as the magnitude of the loop voltage, is the correct plasma resistivity model.
COMPARISON OF CO AND COUNTER FWCD
Experiments to observe the effect of co and counter FWCD on the evolution of the plasma current profile found that while co FWCD did peak the current profile more than counter, the difference was small. This can be seen in Fig. 2 The experimentally determined difference in the non-inductive current drive between the plasmas with co antenna phasing and counter antenna phasing was 230 kA [2] , nearly alI of which was inside a radius of r /a = 0.4. Therefore the change I in the non-inductive current density near the plasma center for co and counter FWCD was comparable to the total current density. With such a significant change, it seemed surprising that there was not a larger difference in the current profile between the co and counter current drive discharges.
Modeling the evolution of the plasma current profde using ONETWO provided insight. The CURRAY ray tracing code was used to calculate the theoreti- cal FWCD [4] . The temporal evolution of the internal inductance, surface loop voltage, and central safety factor from the ONETWO simulations are shown in Fig. 3 . The simulated quantities closely predict both the magnitudes of the experimental quantities as well as the nearness of the co FWCD to the counter FWCD results.
These ONETWO simulations showed that the mitigating effect of the large ohmic current (which was about eight times the current driven by fast waves) was the main reason the plasma current profile did not change much between co and counter FWCD. Since the total plasma current was held fixed in these experiments by the ohmic transformer, the smaller amount of non-inductive current drive for the counter FWCD case (compared to the co case) was exactly offset by a greater amount of ohmic current produced by a higher loop voltage. Since the neoclassical resistivity increases rapidly with minor radius, the ohmic current profile was peaked on axis and thus was similar to the FWCD profile. Therefore replacing co FWCD with an equal amount of ohmic current plus counter FWCD left the plasma current profile relatively unchanged. In order to create a larger difference in the current profiles between co and counter FWCD, the level of ohmic current needs to be reduced relative to the amount of FWCD and/or the ohmic current profile needs to be broadened relative to the FWCD profile (by broadening the electron temperature profile). Another reason for the small difference in the current profiles for co and counter FWCD was that the time scale for the loop voltage profile to flatten was much longer than the FWCD pulse. For example, the ONETWO simulation shown in Fig. 3 found that the current profile reached a steady state 9 sec after the start of FWCD, whereas the actual fast wave pulse was only 2 sec long. Therefore the current profile did not have sufficient time to fully respond to either co or counter FWCD.
